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(54) Catalyst deterioration monitoring 

(57) A catalyst system employed In the exhaust 
stream of an internal combustion engine (10) wherein 
the catalyst deterioration is monitored by an engine con- 
troller (26) connected to a first oxygen sensor (22) 
mounted upstream of a catalyst (18) and a second ox- 
ygen sensor (24) mounted downstream. After a cold 



start of the engine (10) a light-off time for the catalyst 
(18) is determined as one way to measure the deterio- 
ration of the catalyst. After the engine (10) has warmed 
up to operating temperature, a test is run to determine 
the ability of the catalyst (18) to store oxygen therein, 
being another indication of catalyst deterioration. 
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Description 

[0001] The present invention relates to catalysts em- 
ployed to treat exhaust gasses flowing from internal 
combustion engines and more particularly to detecting s 
deterioration of catalysts over time. 
[0002] In today's vehicles that operate with internal 
combustion engines, catalysts are used to treat the ex- 
haust gases in order to reduce emissions of certain pol- 
lutants. When the vehicle is new, the catalyst will gen- 'io 
erally operate within its design parameters. But catalyst 
aging, contaminates, and other factors may cause the 
effectiveness of the catalyst to be reduced. 
[0003] In order to monitor the catalyst deterioration, 
some have suggested locating a pair of oxygen sensors ^5 
in the exhaust stream, one upstream of the catalyst and 
one downstream of the catalyst. By comparing the read- 
ings from the two sensors, it is proposed that the effec- 
tiveness of the catalyst can be determined. But due to 
various factors that can affect the readings of the two 20 
sensors over long term use, and due to the limited ac- 
curacy that some methods of determining the deteriora- 
tion have depending upon when and how the readings 
are taken, the actual determination of the amount of cat- 
alyst deterioration may become inaccurate over time. 2S 
Thus, it is desirable to have a system for monitoring cat- 
alyst deterioration that is initially accurate and will re- 
main accurate over a long period of time. 
[0004] In its embodiments, the present invention con- 
templates a method of testing a catalyst used in the ex- 30 
haust stream of an intemal combustion engine having 
a variable air/fuel ratio, while the engine is operating, 
with a first oxygen sensor mounted in the exhaust 
stream upstream of the catalyst and a second oxygen 
sensor mounted in the exhaust stream downstream of 35 
the catalyst. The method includes the steps of: deter- 
mining an engine temperature parameter; comparing 
the temperature parameter to a first predetermined tem- 
perature value; determining that engine RPfV^ and load 
values are substantially constant; adjusting the air/fuel 40 
ratio to a predetermined lean value; waiting a predeter- 
mined first time interval; reading the first and second 
sensor outputs after the first time interval and storing as 
values API and AF2, respectively, if the temperature pa- 
rameter is greater than the first predetermined temper- ^5 
ature value and the RPM and load values are generally 
constant; adjusting the air/fuel ratio to a predetermined 
rich value; waiting a predetermined second time inter- 
val; reading the first and second sensor output values 
after the second time interval and storing as values AF3 so 
and AF4, respectively; adjusting the air/fuel ratio to a 
predetermined lean value; determining a first difference 
between the first sensor output and AF1 and determin- 
ing a second difference between the second sensor and 
AF2; adjusting the air/fuel ratio to a predetermined rich ss 
value if the first difference and the second difference are 
generally zero; determining a third difference between 
the first sensor output and AF3; setting a first time value 



2 

to zero if the third difference is generally equal to zero; 
reading the second sensor output and storing as AF5; 
incrementing the first time value; comparing AF4 to AF5; 
saving the first time value if AF4 generally equals AF5: 
returning to the step of, reading the second sensor out- 
put and storing as AF5, if AF4 is generally not equal to 
AF5; comparing the first time value to a predetermined 
minimum time value after the first time value is saved; 
and outputting that the catalyst failed if the saved first 
time value is not greater than the predetermined mini- 
mum time value. 

[0005] An advantage of the present invention is that 
the upstream oxygen sensor and the downstream oxy- 
gen sensor can be calibrated to one another as the ve- 
hicle ages in order to assure accurate determinations of 
catalyst deterioration over long periods of time. 
[0006] An additional advantage of the present inven- 
tion is that a failure of one of a first upstream oxygen 
sensor and a second downstream oxygen sensor can 
be detected and this information output for needed 
maintenance on the sensors. 

[0007] Another advantage of the present invention is 
that the light-off time of the catalyst can be monitored, 
by comparing the outputs of the upstream and down- 
stream oxygen sensors, and used in the determination 
of catalyst deterioration over time. 
[0008] A further advantage of the present invention is 
that the oxygen storage capability of a catalyst can be 
accurately determined and used to determine catalyst 
deterioration over time. 

[0009] An additional advantage of the present inven- 
tion is that the sensor calibration between the upstream 
and downstream sensors can be accomplished prior to 
determining the light-off time and the oxygen storage ca- 
pability in order to assure a high accuracy of determining 
the true deterioration of the catalyst before sending a 
signal indicating that the catalyst has failed. 
[0010] The invention will now be described, by way of 
example, with reference to the accompanying drawings, 
in which: 

Fig. 1 Is a schematic illustration of an internal com- 
bustion engine, catalyst and means for determining 
catalyst deterioration in accordance with the 
present invention; 

Fig. 2 is a flowchart showing a portion of the catalyst 
deterioration determination; and 
Fig. 3 is a flowchart showing another portion of the 
catalyst deterioration determination. 

[0011] Fig. 1 shows an engine 10 having an air intake 
1 2, a fuel system 1 4, a spark (ignition) assembly 1 5, and 
an exhaust conduit 16 for receiving the exhaust from 
combustion events. The exhaust conduit 16 connects to 
a catalytic converter 18, through which the exhaust 
flows, which in turn connects to another exhaust conduit 
20 downstream of the catalyst 18. 
[0012] Mounted in the first exhaust conduit 1 6 is a first 
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(upstream) oxygen sensor 22, and mounted in the sec- 
ond exhaust conduit 20 is a second (downstream) oxy- 
gen sensor 24. These oxygen sensors 22,24 can be any 
one of several different kinds of sensors which respond 
to exhaust gas oxygen, and include universal exhaust s 
gas oxygen (UEGO) sensors, used in the exhaust sys- 
tems of vehicles and known to those skilled in the art. 
Also, a temperature sensor 28 is mounted to the engine 
10 for measuring the temperature of engine coolant. 
This sensor 28 can measure a different temperature pa- 
rameter, so long as it is able to indicate how warmed-up 
the engine 10 is. Both of the oxygen sensors 22,24 and 
the temperature sensor 28 are in communication with 
an engine controller 26, which is also in communication 
with mechanisms on the engine 10 for controlling the 
intake of fuel and/or air, and spark timing, among other 
functions. 

[0013] Fig. 2 illustrates some of the functions carried 
out by the assembly of Fig. 1 for determining oxygen 
sensor calibration and catalyst light-off time (LOT). The 
process begins with engine start-up 40, after which the 
engine cooJant temperature (ECT) is compared with a 
predetermined value TEMPI . step 42. TEMPI is a tem- 
perature value that is low enough to indicate that the 
engine is being started cold, i.e., not warmed-up. It the 
ECT is greater than TEMPI, then the routine skips to 
the warm test, discussed below in relation to Fig. 3, step 
44. 

[0014] If the ECT is less than TEMPI . then the engine 
start-up qualifies as an engine cold start, and the engine 
air/fuel ratio is typically set to a value of approximately 
thr:ee percent lean of stoichiometry. The time since the 
engine start-up is then compared with a predetermined 
time limit T3, step 46. The time T3 will be a limit that is 
close to but before catalyst light-off, which, for example, 
may be around thirty seconds or less. If the time since 
start-up is not less than T3. the routine will cycle back 
to step 42. 

[0015] If the time since start-up Is less than T3, then 
the first and second oxygen sensor outputs are read, 
step 48. These samples are preferably read multiple 
times over a time period from time T1 to time T2, and 
then the readings are averaged for each sensor, step 
50. As an example, time T1 might be 5 seconds from 
engine start-up and T2 might be about 15 seconds from 
engine start-up. Since the time interval is so close to 
engine start-up, typically the hydrocarbon efficiency of 
the catalyst in this lime interval will be less than about 
5%, allowing for a direct comparison between the two 
sensor outputs. The oxygen sensors 22,24 located up- 
stream and downstream of the catalyst should have 
generally equal outputs following a cold start of the en- 
gine, but may not due to a tendency to drift over time 
and mileage. The average for the first sensor (AVE1) 
will then be compared to the average for the second sen- 
sor (AVE2), step 52. If a difference in the averages is 
detected between the two sensors, then a difference 
value is calculated, step 54. If the difference is above 



an error threshold E. then this indicates a failure of one 
of the sensors, which is then output as a sensor error, 
step 56. If the difference in sensor average readings 
(AVE1 - AVE2) is not unacceptably large, then re-cali- 
bration of one or both of the sensors is performed, step 
58. Therefore, any measured difference Is taken Into ac- 
count and corrected for (calibrated) soon after the be- 
ginning of engine operation, before the catalyst be- 
comes active. 

[0016] This calibration of the sensors 22,24 is prefer- 
ably done before the routine for determining light-off 
time and the routine for determining oxygen storage ca- 
pability in order to improve the accuracy of these cata- 
lyst deterioration checks. Also, if a sensor has failed, 
then the catalyst deterioration routines can be by- 
passed since properly performing oxygen sensors are 
needed to obtain accurate catalyst deterioration results. 
[0017] Now the time since engine start-up is com- 
pared to a time limit T4. step 60. The time T4 is a pre- 
determined maximum lime at which a properly acting 
catalyst should have attained at least 50% hydrocarbon 
conversion efficiency, when the engine is operating lean 
of stoichiometry. The time T4 may be found from a look- 
up table or by another means that takes into account 
engine operating parameters and surrounding environ- 
mental conditions to determine the appropriate time in- 
terval for a given vehicle and engine combination. If the 
time since start-up is still less than lime T4, then the out- 
puts from both of the sensors 22,24 are read, step 62, 
and then compared to one another, step 64. The differ- 
ence between the two sensor outputs is then compared 
to a predetermined difference value D1, step 66. If the 
difference between the sensor outputs is not greater 
than value D1. then the routine returns to step 60. This 
loop back to step 60 will continue until the difference in 
outputs is determined to be greater than D1 , or the time 
since engine start-up is not less than T4. The difference 
value D1 is an indicator that the sensors are giving dif- 
ferent outputs due to the catalyst reaching light-off. This 
is because the sensors will generally read this same val- 
ue until the catalyst efficiency reaches about 50%. Then, 
the output values will diverge from one another, since 
the air/fuel ratio measured by the downstream oxygen 
sensor tends to be richer as compared to the upstream 
sensor after the light-off of the catalyst. 
[0018] If the time T4 occurs without the difference be- 
ing determined to be greater than D1 , then an error mes- 
sage is output, step 68. This error message will indicate 
that the catalyst is not operating properly. On the other 
hand, if the difference between the sensor outputs is 
greater than value Dl, at step 66. then this indicates that 
the catalyst hydrocarbon conversion efficiency has 
reached 50% within the time limit T4. The time to reach 
the difference of greater than Dl will now be stored as 
the light-off time (LOT), step 70. At this point, the routine 
will move on to the warm test, step 44. By proceeding 
to a warm test In addition to the light-off time test, the 
deteriorated state of a catalyst can better be determined 
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because both a slow light-oft time and a limited oxygen 
storage capability can be indicators of a need to rejuve- 
nate or replace a catalyst. 

[0019] Fig. 3 illustrates the portion of the catalyst de- 
terioration routine that starts the warm test, step 44, for 
the engine assembly of Fig. 1 . The ECT is read from the 
temperature sensor 28 and now compared to a temper- 
ature value TEMP2. step 80. The temperature TEMP2 
is associated with a condition of the engine 10 that is 
considered to be fully warmed up. If the ECT is not great- 
er than value TEMP2, the routine loops back and re- 
peats step 80 until the engine 10 warms up more. 
[0020] When the ECT is greater than TEMP2. the rou- 
tine continues by having the controller 26 determine if 
the engine 10 is operating at a constant RMP and load 
condition, step 82. Since the air/fuel ratio and sparktim- 
ing must be manipulated for this portion of the catalyst 
deterioration testing, the engine 1 0 must be running at 
essentially a constant rpm and load. If not a constant 
RPM and load condition, the routine will not proceed. 
[0021 ] If RPM and load are constant, then the control- 
ler 26 will adjust the air/fuel (A/F) ratio of the engine 10 
to a predetermined lean ratio (AFL), step 84. At this time, 
the spark timing is advanced in order to prevent percep- 
tible changes in engine torque. A time delay of an 
amount T5 will then occur, step 86, in order to permit the 
engine 10, catalyst 18 and, the oxygen sensors 22,24 
to stabilize. After waiting for time T5, the outputs of the 
first and second oxygen sensors 22,24 are read and 
stored as API and AF2. respectively, step 88. After this, 
the controller 26 adjusts the air/fuel ratio to a predeter- 
mined rich ratio (APR), step 90. The spark timing is also 
retarded at this time in order to prevent perceptible 
changes in engine torque. A delay of time T6 then oc- 
curs, again in order to allow the system to stabilize, step 
92. Then the outputs of the first and second sensors 
22, 24 are read and stored as AF3 and AF4. respectively, 
step 94. 

[0022] The controller 26 again adjusts the air/fuel ratio 
to AFL, step 96. The spark timing is alsoagain advanced 
to the previous lean timing. The outputs of the first and 
second sensors 22.24 are read, step 98, and these val- 
ues are compared to API and AF2 respectively, step 
100. If the first and second sensor outputs are different 
from AFI and AF2, respectively, by more than a prede- 
termined amount, then they are considered not equal to 
them and the routine returns to step 82. This indicates 
that the sensors may not be operating property, or that 
engine operating conditions have changed. 
[0023] If the first and second sensor outputs are es- 
sentially the same as AFI and AF2, respectively, then 
the air/fuel ratio is again adjusted to APR and the spark 
timing is retarded, step 102. The output of the first sen- 
sor 22 is now read and compared to AF3, step 104. If 
the sensor values are not equal, then the engine oper- 
ating conditions are assumed to have changed and the 
routine returns to step 82 and begins again. If the output 
of the first sensor 22 is about equal to AF3, i.e.. within 
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some predetermined range, then the engine operating 
conditions are considered to be the same as before, and 
a time value of STIME is set to zero, step 1 06. Now the 
output of the second sensor 24 is read and stored as 
5 AF5, step 108. and the time value STIME is increment- 
ed, step 110. The values AF4 and APS are now com- 
pared, step 112. This comparison is between output 
readings for the downstream sensor so no inaccuracies 
with a comparison to the upstream sensor will be intro- 
duced. If the two values are not about equal, i.e., within 
some predetermined limits, then the routine loops back 
up to step 1 08 and reads the output of the second sensor 
24 again, with STIME again incremented. 
[0024] If the two values are considered equal, then the 
time value STIME is saved, step 1 1 4. This stored STI ME 
value is now compared to a predetermined minimum 
time value (MT) representing the time required to de- 
plete the oxygen stored in the catalyst 18 at the partic- 
ular engine RPM and load at which the vehicle is oper- 
ating, step 116. If the time value STIME is greater than 
the minimum time (MT) value, then an output is gener- 
ated that the catalyst passed the warm test, step 118. If 
the STIME value is not greater than MT, then the routine 
will output a message that the catalyst failed the warm 
test, step 120. A determination of oxygen storage thus 
can be made and this oxygen storage data can be used 
to determine catalyst deterioralion. Further, it can be 
combined with the light-off time data to even better de- 
termine catalyst deterioration. 

[0025] Thus, there are three main tests that are con- 
ducted through all of the routines, an initial test that can 
detect if one of the sensors has failed or if one of the 
sensors needs calibration, a test for the light-off time of 
the catalyst and a test for the time it takes the catalyst 
to deplete oxygen. For the second two tests, if passed, 
then the catalyst is judged good, i.e., exhibits acceptable 
oxygen storage characteristics. If it fails either of these 
catalyst tests, then the catalyst is judged as deteriorated 
and this message is communicated to other routines 
within the controller 26 or other on-board processor of 
the vehicle where next steps might include running a 
catalyst rejuvenation cycle, re-checking the catalyst 
condition or declaring the catalyst to be defective. 



Claims 

1. A method of testing a catalyst (18) used in the ex- 
haust stream of an internal combustion engine hav- 
ing a variable air/fuel ratio, while the engine is op- 
erating, with a first oxygen sensor (22) mounted in 
the exhaust stream upstream of the catalyst and a 
second oxygen sensor (24) mounted in the exhaust 
stream downstream of the catalyst (18), the method 
comprising the steps of: 

determining an engine temperature parameter; 
comparing the temperature parameter to a first 
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predetermined temperature value; 
determining that engine RPM and load values 
are substantially constant; 
adjusting the air/fuel ratio to a predetermined 

lean value: 

waiting a predetermined first time interval; 
reading the first and second sensor outputs al- 
ter the first lime inten/al and storing as values 
AF1 and AF2, respectively: if the temperature 
parameter is greater than the first predeter- 
mined temperature value and the RPM and 6. 
load values are generally constant; 
adjusting the air/fuel ratio to a predetermined 
rich value; 

waiting a predetermined second time interval; 
reading the first and second sensor output val- 
ues after the second time interval and storing 
as values AF3 and AF4, respectively; 
again adjusting the air/fuel ratio to a predeter- 
mined lean value; 

determining a first difference between the first 
sensor output and AF1 and determining a sec- 
ond difference between the second sensor and 
AF2; 

again adjusting the air/fuel ratio to a predeter- 
mined rich value if the first difference and the 
second difference are generally zero; 
determining a third difference between the first 
sensor output and AF3; 

setting a first time value to zero if the third dif- 
ference is generally equal to zero; 10. 
reading the second sensor output and storing 
as AF5; incrementing the first time value; 
comparing AF4 to AF5; 
saving the first time value if AF4 generally 
equals AF5; 

returning to the step of, reading the second sen- 
sor output and storing as AF5, if AF4 is gener- 
ally not equal to AF5; 

comparing the first time value to a predeter- 
mined minimum time value after the first time 
value is saved; and 

outputting that the catalyst failed if the saved 
first time value is not greater than the predeter- 
mined minimum time value. 

A method as claimed in claim 1 , wherein the step 
of, adjusting the air/fuel ratio to a predetermined 
lean value, includes advancing the spark timing as 
the air/fuel ratio is adjusted; and the step of, adjust- 
ing the air/fuel ratio to a predetermined rich value, 
includes retarding the spark timing as the air/fuel 
ratio is adjusted. 

A method as claimed in claim 2, wherein the step 55 
of, again adjusting the air/fuel ratio to a predeter- 
mined lean value, includes advancing the spark tim- 
ing as the air/fuel ratio is again adjusted. 
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A method as claimed in claim 3. wherein the step 
of. again adjusting the air/fuel ratio to a predeter- 
mined rich value, includes retarding the spark tim- 
ing as the air/fuel ratio is again adjusted. 

A method as claimed in claim 4, further including, 
returning to the step of determining that the RPM 
and load values are constant, if the first difference 
and the second difference are not generally zero. 

A method as claimed in claim 5, further including, 
returning to the step of determining that the RPM 
and load values are constant, if the third difference 
is not generally zero. 

A method as claimed in claim 1. farther including, 
returning to the step of determining that the RPM 
and load values are constant, if the first difference 
and the second difference are not generally zero. 

A method as claimed in claim 1, further including, 
returning to the step of determining that the RPM 
and load values are constant, if the third difference 
is not generally zero. 

A method as claimed in claim 1 or 6, further includ- 
ing, outputting that the catalyst passed if the saved 
first time value is greater than the predetermined 
minimum time. 

A method of testing a catalyst used in the exhaust 
stream of an internal combustion engine having a 
variable air/fuel ratio, while the engine is operating, 
with a first oxygen sensor mounted in the exhaust 
stream upstream of the catalyst and a second oxy- 
gen sensor mounted in the exhaust stream down- 
stream of the catalyst, the method comprising the 
steps of: 

operating the engine with a lean air/fuel ratio; 
comparing the time from engine start-up to a 
first predetermined time value; 
obtaining the outputs of the first and the second 
sensors if the time from engine start-up is less 
than the first predetermined time value; 
computing a first difference value between the 
output from the first sensor and the output from 
the second sensor; 

comparing the first difference to a first prede- 
termined difference value; 
storing the time since engine start-up if the first 
difference is greater than the first predeter- 
mined difference value; 

returning to the comparing the time from engine 
start-up step if the first difference is not greater 
than the first predetermined difference value; 
creating an output catalyst error message if the 
time since engine start-up is greater than the 
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first predetermined time value and the first dif- 
ference is not greater than the first predeter- 
mined difference value; 

determining an engine temperature parameter; 

comparing the temperature parameter to a first s 

predetermined temperature value; 

determining that engine RPM and load values 

are substantially constant; 

adjusting the air/fuel ratio to a predetermined 

lean value; 

waiting a predetermined first time interval; 
reading the first and second sensor outputs af- 
ter the first time interval and storing as values 
AF1 and AF2, respectively: if the temperature 
parameter is greater than the first predeter- is 
niined temperature value and the RPM and 
load values are generally constant; 
adjusting the air/fuel ratio to a predetermined 
rich value; 

waiting a predetermined second lime interval; 20 
reading the first and second sensor output val- 
ues after the second time interval and storing 
as values AF3 and AF4. respectively; 
again adjusting the air/fuel ratio to a predeter- 
mined lean value; 25 
determining a first difference between the first 
sensor output and AF1 and determining a sec- 
ond difference between the second sensor and 
AF2; 

again adjusting the air/fuel ratio to a predeter- 30 
mined rich value if the first difference and the 
second difference are generally zero; 
determining a third difference between the first 
sensor output and AF3; 

setting a second time value to zero if the third 3S 
difference is generally equal to zero; 
reading the second sensor output and storing 
as AF5; incrementing the second time value; 
comparing AF4 to AF5; 

saving the second time value if AF4 generally 40 
equals AF5; 

returning to the step of, reading the second sen- 
sor output and storing as AF5. if AF4 is gener- 
ally not equal to AF5; 

comparing the second time value to a predeter- 4S 
mined minimum time value after the second 
time value is saved; and 
outpulting that the catalyst failed if the saved 
second time value is not greater than the pre- 
determined minimum time value. so 
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(54) Catalyst deterioration monitoring 

(57) A catalyst system employed in the exhaust 
stream of an internal combustion engine (10) wherein 
the catalyst deterbration is monitored by an engine con- 
troller (26) connected to a first oxygen sensor (22) 
mounted upstream of a catalyst (18) and a second ox- 
ygen sensor (24) mounted downstream. After a cold 



start of the engine (10) a light -off time for the catalyst 
(18) is determined as one way to measure the deterio- 
ration of the catalyst. After the engine (10) has warmed 
up to operating temperature, a test is run to determine 
the ability of the catalyst (18) to store oxygen therein, 
being another indication of catalyst deterioration. 
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